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(54) Piezoelectric ceramic composition and manufacturing the same, and piezoelectric element 



(57) There are provided steps of polarizing a ceram- 
ic composition including a perovskite compound con- 
taining Pb, Zr, Ti and Mn as main components and a 
heat treatment step for keeping the polarized ceramic 
composition within a temperature range lower than Tc 
(Tc denoting the Curie temperature of the ceramic com- 
position) for 1 to 100 minutes. 
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No. 


Heat treatment conditions 


AFQ 
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(%) 


Tempe- 


Time 
(men) 


T emp. (°C> x time (h) 
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250 


10 


41,7 


-0.13 


0.05 


-2.23 


27 


20 


83.3 


-0.13 


0.02 


-1.79 


28 


40 
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-0.10 


0.05 


-1.56 


29 
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333.3 


-0.10 


0.03 
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30 


275 
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29.2 
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-0.01 


-0.32 
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58.3 


-0.05 
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20 


20 


116.7 


-0.04 


-0.01 


-0.41 


42 


40 


233.3 


-0.02 


-0.01 


-0.28 



Polarization conditions: 

An electric field of 3.3 kV/mm (1.5 Be) was applied for 15 minutes in a 
silicon oil bath at a temperature of 150°C 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001 ] The present invention relates to a piezoelectric 
ceramic composition suitable for resonators and the 
like, a manufacturing method for the piezoelectric ce- 
ramic composition, and a piezoelectric element. 

Description of the Related Art 

[0002] Piezoelectric ceramic compositions are widely 
used as the materials for the piezoelectric elements for 
use in resonators, filters, actuators, ignition elements, 
ultrasonic motors and the like. Most of the piezoelectric 
ceramic compositions now being put in practical use are 
constituted with ferroelectrics having the perovskite 
structure such as PZT (the PbZr0 3 -PbTT03 solid solu- 
tion) based or PT (PbTi0 3 ) based ferroelectrics having 
the tetragonal system or the rhombohedral system at 
around room temperature. 

[0003] I n these years , concu rrently with the min iatu r- 
ization of electronic devices including communication 
apparatuses, surface mounting of parts has been rap- 
idly progressed. In surface mounting of parts, a piezoe- 
lectric element preliminarily mounted on a substrate is 
soldered. It is unpreferable that the properties (for ex- 
ample, the resonant frequency, oscillation frequency 
and the like) of the piezoelectric element are largely de- 
viated from the initial properties after the soldering treat- 
ment involving heating. Accordingly, various investiga- 
tions have been made for the purpose of improving the 
heat resisting properties of the piezoelectric ceramic 
compositions (for example, see: Japanese Patent Laid- 
Open No. 8-333158 (hereinafter referred to as Patent 
Document 1), Japanese Patent Laid-Open No. 
8-333159 (hereafter referred to as Patent Document 2) , 
Japanese Patent Laid-Open No. 8-3331 60 (hereafter 
referred to as Patent Document 3), Japanese Patent 
Laid-Open No. 11-209176 (hereafter referred to as Pat- 
ent Document 4), Japanese Patent Laid-Open No. 
11-322419 (hereafter referred to as Patent Document 
5), and Japanese Patent Laid-Open No. 11-322420 
(hereafter referred to as Patent Document 6)). 
[0004] For example, Patent Documents 1 to 3 dis- 
close that the sintered bodies of PZT based piezoelec- 
tric ceramic compositions are subjected to polarization, 
annealed at a temperature of 0.4 times or more and 0.8 
times or less the Curie temperature for 1 hour or more, 
thereafter subjected to aging treatment for 48 hours or 
more at a normal temperature, and then polished to be 
formed into piezoelectric resonators. 
[0005] Patent Document 4 discloses that a sintered 
body is poled by applying a direct current electric field 
of 3.5 kV/mm or more at temperatures within the range 
from 130 to 180°C, and is subjected to heat treatment 



at 220 to 280°C while the polarizing electrodes of the 
poled sintered body are short circuited; thus, there can 
be obtained a piezoelectric ceramic composition which 
is small in the variations of the electric properties even 
5 at a temperature around 280° C encountered in the 
mounting by soldering and also small in the resonant 
frequency variation caused by a temperature cycle. 
[0006] Patent Documents 5 and 6 disclose that a heat 
treatment is conducted under the conditions such that 
10 the product between the heat treatment temperature 
and the heat treatment time is 1800 ( c C-hour) or more 
at a temperature of 150 to 250°C while the polarizing 
electrodes are being short circuited. 
[0007] According to the methods described in Patent 
is Documents 1 to 3, the resonant frequency variation rate 
of a resonator can be made smaller. However, the meth- 
ods described in Patent Documents 1 to 3 require at 
least 49 hours in total including the annealing time and 
the time for the aging treatment subsequent to anneal- 
ing, and accordingly there is a problem involving the pro- 
ductivity. Similarly, in the methods described in Patent 
Documents 5 and 6, the time required for heat treatment 
is long (in the examples involved, a heat treatment was 
carried out at 200°C for 15 hours) , and moreover, the 
resonant frequency change rate observed in a test for 
heat resisting properties is still at a high level. 
[0008] Additionally, in Patent Document 4, the heat re- 
sisting properties of a resonator is judged to be satisfac- 
tory when the rate of change in electromechanical cou- 
pling factor k!5 of the resonator, that is, Ak15 is 5% or 
less in absolute value and the rate of change in resonant 
frequency Fr of the resonator, that is AFr is 0.3% or less 
in absolute value. In Patent Document 4, these values 
of the resonator have been measured at an elapsed time 
of 30 minutes after the resonator was kept on a hot plate 
at 280 °C for 1 minute. However, a piezoelectric ceramic 
composition more excellent in heat resisting properties 
is demanded. 

SUMMARY OF THE INVENTION 

[0009] In view of these circumstances, it is an object 
of the present invention to provide a piezoelectric ce- 
ramic composition excellent in heat resisting properties 
without degrading the productivity. 
[0010] Toward such an object, the present inventors 
have found that a piezoelectric ceramic composition ex- 
cellent in heat resisting properties can be obtained by 
applying a specific heat treatment to a ceramic compo- 
sition based on a PZT containing Mn. More specifically, 
the present invention includes polarizing a ceramic com- 
position comprising a perovskite compound containing 
Pb, Zr, Ti and Mn as main components; and heat-treat- 
ing the poled ceramic composition so as to keep said 
poled ceramic composition within a temperature range 
lower than Tc (Tc denoting the Curie temperature of the 
ceramic composition) for 1 to 1 00 minutes. 
[0011] In the present invention, it is more preferable 
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that Nb is also included as a main component together 
with Pb, Zr, Ti and Mn. A ceramic composition including 
a perovskite compound containing Pb 5 Zr, Ti, Mn and Nb 
as main components has a high Curie temperature of 
340°C or above, which is higher than the Curie temper- 
atures of the ceramic compositions described in the 
above described Patent Documents 1 to 6. Application 
of a heat treatment recommended by the present inven- 
tion to a ceramic composition having a high Curie tem- 
perature already before the heat treatment makes it pos- 
sible to obtain a piezoelectric ceramic composition more 
excellent in heat resisting properties than conventional 
piezoelectric ceramic compositions. 
[0012] It is preferable that the above described heat 
treatment is conducted within a temperature range 
equal to or higher than 0.68 Tc and lower than Tc, and 
more preferably within a temperature range equal to or 
higher than 0.74 Tc and lower than Tc. 
[0013] In the present invention, the judgment as to 
whether a ceramic composition is excellent in heat re- 
sisting properties or not is made on the basis of the items 
including the rate of change.caused by external thermal 
shock, in oscillation frequency FO, resonant frequency 
Fr and electromechanical coupling factor k15. Herein- 
after, the rate of change in oscillation frequency FO 
caused by external thermal shock, will be simply re- 
ferred to as "AFO", the rate of change in resonant fre- 
quency Fr caused by external thermal shock will be sim- 
ply referred to as "AFr", and the rate of change in elec- 
tromechanical coupling factor k15 caused by external 
thermal shock will be simply referred to as °Ak15 n ). 
[0014] In the above described polarizing step of the 
present invention, it is effective to apply an electric field 
of 1 .0 to 2.0 Ec (Ec being a coercive electric field) to a 
ceramic composition within a temperature range from 
50 to 300°C for 0.5 to 30 minutes. Incidentally, descrip- 
tion will be made below on the coercive electric field Ec. 
[0015] Additionally, the piezoelectric ceramic compo- 
sition of the present invention can be made to have a 
composition represented by a formula, Pb a [ 
(Mn^Nb^^TiyZrJOg, in which a, x, y and z fall within 
the ranges of 0.95 < a < 1 .02, 0.02 < x < 0.15, 0.48 < y 
< 0.62, and 0. 30 < z < 0.50, respectively; and the pie- 
zoelectric ceramic composition can be made to include 
as additives Mn in 0.65 wt% or less (not inclusive of 0) 
in terms of MnC0 3 and/or Cr as an additive in 0.65 wt% 
or less (not inclusive of 0) in terms of Cr 2 0 3 . 
[0016] The piezoelectric ceramic composition of the 
present invention can also include, as additives in addi- 
tion to Cr and/or Mn, Al in 5.0 wt% or less (not inclusive 
of 0) in terms of Al 2 0 3 and/or Sc in 5.0 wt% or less (not 
inclusive of 0) in terms of Sc 2 0 3 . 
[0017] The manufacturing method for the piezoelec- 
tric ceramic composition of the present invention can re- 
duce the energy required for the heat treatment as com- 
pared to conventional methods; more specifically, the 
product between the heat treatment temperature and 
the heat treatment time can be made to be 500 (°C-hour) 



or less. 

[001 8] An example of the vibratio nal mode of the pie- 
zoelectric ceramic composition obtained by the present 
invention is a thickness-shear mode. 
5 [0019] Incidentally, as described above, the piezoe- 
lectric ceramic composition can be used for various us- 
es such as resonators and filters; in this connection, 
when a piezoelectric ceramic composition is used as a 
resonator, the oscillation frequency thereof comes to be 
a particularly important factor. 

[0020] The present inventors have succeeded in ob- 
taining a piezoelectric ceramic composition having a 
rate AFO of the variation of the oscillation frequency FO 
caused by external thermal shock of 0.10% or less in 
absolute value, by applying the above described heat 
treatment to a PZT based piezoelectric ceramic compo- 
sition. 

[0021] In this connection, for the purpose of making 
AFO be 0.10% or less in absolute value, It is preferable 
to adopt a composition which includes a perovskite com- 
pound containing Pb, Zr, Ti, Mn and Nb as main com- 
ponents, and is represented by a formula, PbJ 
(Mn^Nbg^TiyZrJOg, in which a, x, y and z fall within 
the ranges of 0.95 <£ a < 1 .02, 0.02 £ x < 0.15, 0.48 < y 
< 0.62, and 0.30 < z < 0.50, respectively. By adopting 
the above described composition for a piezoelectric ce- 
ramic composition, there can be obtained a piezoelec- 
tric ceramic composition having a Curie temperature Tc 
of 340°C or above which is higher than that of the ce- 
ramic compositions described in the above described 
Patent Documents 1 to 6. For the purpose of obtaining 
a piezoelectric ceramic composition displaying an ex- 
cellent heat resisting properties such that AFO is 0.1 0% 
or less in absolute value, it is effective to control the 
manufacturing conditions of the piezoelectric ceramic 
composition, concurrently with selecting a composition 
having a high potential in relation to the heat resisting 
properties. The piezoelectric ceramic composition of the 
present invention is suitable for resonators. 
[0022] It should be noted that the AFO values in the 
present invention have been obtained on the basis of 
u 24-hours after heat test". More specifically, in "24-hours 
after heat test", a specimen of a piezoelectric ceramic 
composition is wrapped with a sheet of aluminum foil, 
and immersed in a solder bath at 265°C for 10 seconds, 
and thereafter the sheet of aluminum foil is removed and 
the specimen is allowed to stand for 24 hours at room 
temperature; the AFO value is obtained for the specimen 
from the oscillation frequency thereof measured before 
being immersed in the solder bath and the oscillation 
frequency thereof measured after having been allowed 
to stand for 24 hours. 

[0023] For the purpose of making AFO smaller in ab- 
solute value in the piezoelectric ceramic composition of 
the present invention, it is effective to include as addi- 
tives Mn in 0.65 wt% or less (not inclusive of 0) in terms 
of MnC0 3 , and/or Cr as an additive in 0.65 wt% or less 
(not inclusive of 0) in terms of Cr 2 0 3 . 
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[0024] Additionally, the piezoelectric ceramic compo- 
sition of the present invention may further include, as 
subsidiary component, a predetermined content of Al 
and/or Sc. The inclusion of AI and/or Sc is preferable in 
improving the sinterability. 

[0025] The vibrational mode of the piezoelectric ce- 
ramic composition obtained by the present invention 
can be made to be a thickness-shear mode. 
[0026] Additionally, the present invention provides a 
piezoelectric element including a piezoelectric substrate 
having a front surface and a back surface opposed to 
each other with a predetermined distance therebe- 
tween, and a pair of electrodes arranged respectively 
on the front surface and the back surface of the piezo- 
electric substrate. The piezoelectric substrate can be 
constituted with a sintered body including a perovskite 
compound containing Pb, Zr, Ti, Mn and Nb as main 
components, wherein the chemical composition of the 
sintered body is represented by a formula, Pb a [ 
(Mn 1/3 Nb2^) x TiyZr z ]03, in which a, x, y and z fall within 
the ranges of 0.95 < a £ 1 .02, 0.02 < x < 0.15, 0.48 < y 
< 0.62, and 0.30 < z < 0. 50, respectively; and the sin- 
tered body includes as additives Mn in 0.65 wt% or less 
(not inclusive of 0) in terms of MnCO a . 
[0027] It is preferable that the content of Mn is 0.50 
wt% or less in terms of MnC0 3 . 
[0028] The piezoelectric element of the present inven- 
tion can display the properties such that AF0 and AFr 
caused by external thermal shock each are 0.10% or 
less in absolute value. 

[0029] An example of the vibrational mode of the pie- 
zoelectric element is a thickness-shear mode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] 

FIG. 1 is a diagram showing formula (1); 

FIG. 2 is a diagram showing formulas (2) to (5); 

FIG. 3 is a diagram illustrating an equivalent circuit 

for a piezoelectric resonator; 

FIG. 4 is a graph illustrating the relation between 

the electric field and the electric polarization in the 

case of ferroelectrics; 

FIG, 5 is a diagram illustrating the direction of po- 
larization; 

FIG. 6 is a table showing the polarization conditions 
and the heat treatment conditions in Example 1 , and 
the AF0, AFr and Ak15 values for the samples ob- 
tained in Example 1; 

FIG. 7 is a sectional view (a sectional view along 
the thickness direction) of a specimen after vibrat- 
ing electrodes have been formed on the front and 
back surfaces of the specimen; 
FIG. 8 is a diagram showing formula (6); 
FIG. 9 is a table showing the polarization conditions 
and the heat treatment conditions in Example2, and 
the AF0, AFr and Ak15 values for the samples ob- 



tained in Example 2; 

FIG. 10 is a table showing the changes (AF0, AFr 
and Ak1 5) of the piezoelectric properties caused by 
varying the heat treatment conditions; 

5 FIG. 11 is a table showing the relations between the 
content of added MnC0 3 and the piezoelectric 
properties (AF0, AFr and Ak15); 
FIG. 1 2 is a table showing the relations between the 
addition content of added Cr 2 O s and the piezoelec- 

10 trie properties (AF0, AFr and Ak15); and 

FIG. 13 is a table showing the piezoelectric proper- 
ties (AF0, AFr and Ak15) for the samples obtained 
in Example 6. 

15 DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0031 ] Detailed description will be made below on the 
piezoelectric ceramic composition and the manufactur- 
20 ing method thereof according to the present invention, 
on the basis of the embodiments. 

<Chemical Composition> 

25 [0032] It is preferable that the present invention in- 
cludes a perovskite compound containing Pb, Zr and Ti 
as main components, and particularly has a chemical 
composition represented by formula (1). The chemical 
composition as referred to here means a composition 
30 after sintering. 

[0033] Next, description will be made below on the 
reasons for imposing constraints on a, x, y and z in for- 
mula (1). 

[0034] The quantity a representing the Pb content is 
35 constrained to fall within the range of 0.95 < a < 1 .02. 
When a is smaller than 0.95, it is difficult to obtain a 
dense sintered body. On the other hand, when a ex- 
ceeds 1.02, the evaporation amount of Pb becomes 
large at the time of sintering, and hence it becomes dif- 
40 ficult to obtain a sintered body having a uniform micro- 
structure. Accordingly, a is constrained to fall within the 
range of 0.95 < a < 1 .02. The range of a is preferably 
0.96 £ a < 1 .01 , and more preferably 0.97 < a < 1 .00. 
[0035] The quantity x determining the Mn content and 
45 the Nb content is constrained to fall within the range of 
0.02 < x < 0. 1 5. When x is smaller than 0.02, it is difficult 
to obtain a dense sintered body. On the other hand, 
when x exceeds 0.15, it becomes difficult to obtain de- 
sired heat resisting properties. Accordingly, x is con- 
50 strained to fall within the range of 0.02 < x < 0.15. The 
range of x is preferably 0.03 < x £0.12, and more pref- 
erably 0.05 <x< 0.11. 

[0036] The quantity y representing the TI content is 
constrained to fall within the range of 0.48 < y < 0. 62. 
55 When y is smaller than 0.48, it is difficult to obtain sat- 
isfactory heat resisting properties. On the other hand, 
when y exceeds 0. 62, the coercive electric field Ec be- 
comes large, and it becomes difficult to perform polari- 
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zation to a sufficient extent. Accordingly, y is constrained 
to fall within the range of 0.48 < y < 0.62. The range of 
y is preferably 0.49 < y < 0.60, and more preferably 0.50 
< y < 0.55. 

[0037] The quantity z representing the Zr content is 
constrained to fall within the range of 0.30 < z < 0.50. 
When z is smaller than 0.30, the coercive electric field 
Ec becomes large, and it becomes difficult to perform 
polarization to a sufficient extent. On the other hand, 
when z exceeds 0.50, it becomes difficult to obtain de- 
sired heat resisting properties. Accordingly, z is con- 
strained to fall within the range of 0. 30 < z < 0.50. The 
range of z is preferably 0.36 < z < 0.46, and more pref- 
erably 0.37 < z £ 0.42. 

[0038] It is preferable to set the total of x, y and z be 
1 in the formula (1). 

[0039] The piezoelectric ceramic composition accord- 
ing to the present invention can include, as additives, a 
predetermined content of Mn and/or Cr. The inclusion 
of Mn is effective for improving the sinterability. When 
Mn is included as an additive, in relation to Pb tt [ 
(Mn 1/3 Nb2/3) x TiyZrJ0 3 in formula (1 ) , the Mn content is 
preferably 0.65 wt% or less (not inclusive of 0) in terms 
of MnC0 3 , more preferably 0.50 wt% or less (not inclu- 
sive of 0) in terms of MnC0 3 , further preferably 0.01 to 
0.40 wt% in terms of MnC0 3 , and yet further preferably 
0.05 to 0.30 wt% in terms of MnC0 3 . 
[0040] On the other hand, the inclusion of Cr is effec- 
tive for obtaining satisfactory heat resisting properties. 
Additionally, Cr is an element which is effective for im- 
proving AF0 when a heat treatment to be described be- 
low in detail is applied. When Cr is included, in relation 
to Pb a [(Mn 1/3 Nb2/3) x TtyZrJ0 3 in formula (1 ), the Cr con- 
tent is preferably 0.65 wt% or less (not inclusive of 0) in 
terms of Cr 2 0 3 , more preferably 0.50 wt% or less (not 
inclusive of 0) in terms of Cr 2 0 3 , further preferably 0.01 
to 0.30 wt% in terms of Cr 2 0 3 , and yet further preferably 
0.01 to 0.10 wt% in terms of Cr 2 0 3 . 
[0041] When Mn and Cr are added in combination, the 
total content of Mn and Cr is made to be 0.01 to 0.65 
wt%, preferably 0.01 to 0.50 wt%, more preferably 0.02 
to 0.30 wt% and further preferably 0.02 to 0.20 wt%. 
[0042] In addition to the above described Mn and/or 
Cr, the piezoelectric ceramic composition of the present 
invention can further include, as an additive, a predeter- 
mined content of Al and/or Sc. The inclusion of Al is ef- 
fective in improving the strength of sintered body. When 
Al is included as an additive, in relation to Pb a [ 
(Mn 1/3 Nb 2/3 ) x TiyZr z ]0 3 in formula (1 ) , the Al content is 
preferably 5.0 wt% or less (not inclusive of 0) in terms 
of AI 2 O s , more preferably 2.0 wt% or less (not inclusive 
of 0) in terms of Al 2 0 3 , further preferably 1 .5 wt% or less 
(not inclusive of 0) in terms of Al 2 0 3 , and further more 
preferably 0.3 to 1 .0 wt% in terms of Al 2 0 3 . 
[0043] Additionally, the inclusion of Sc is effective in 
improving the strength of sintered body as well as Al. 
When Sc is included as an additive, in relation to PbJ 
(Mn 1/3 Nb 2y3 ) x Ti y Zr z ]0 3 in formula (1), the Sc content is 



preferably 5.0 wt% or less (not inclusive of 0) in terms 
of Sc^Os, more preferably 2.0 wt% or less (not inclusive 
of 0) in terms of Sc^Os, further preferably 1 .5wt% or less 
(not inclusive of 0) in terms of Sc 2 0 3 , and further more 
5 preferably 0.3 to 1 .0 wt% in terms of ScgO^ 

[0044] In addition, the piezoelectric ceramic compo- 
sition according to the present invention may include 
Si0 2 as an additive. The inclusion of Si0 2 is effective 
for improving the strength of ceramics. When Si0 2 is 
included, in relation to Pb a [(Mn 1/3 Nb2^) x TiyZr z ]0 3 in 
formula (1 ), the Si0 2 content is preferably 0.005 to 0.050 
wt%, more preferably 0.005 to 0.040 wt%, and further 
preferably 0.01 to 0.03 wt%. 

[0045] The crystal system of the piezoelectric ceram ic 
composition, according to the present invention, having 
the above described composition, is tetragonal at 
around room temperature. Additionally, it is preferable 
that the Cu rie temperature Tc of the piezoelectric ceram- 
ic composition according to the present invention is 
340°C or higher, and furthermore, 350°C or higher as 
the case may be. 

[0046] The piezoelectricceramiccomposition accord- 
ing to the present invention displays excellent heat re- 
sisting properties such that the absolute value of AF0 is 
as low as 0.1% or less (-0.1% < AF0 < 0.1%), and is 
suitably used as a resonator. 

[0047] In this connection, the oscillation frequency F0 
in the present invention is related to formulas (2) to (5) 
shown in FIG. 2 in terms of the equivalent circuit con- 
stants. Incidentally, an equivalent circuit for the piezoe- 
lectric resonator is shown in FIG. 3. In FIG. 3, Rq repre- 
sents the resonant impedance, L-j represents the equiv- 
alent inductance, C 1 represents the equivalent capaci- 
tance, and C 0 represents the damping capacitance. 
[0048] As shown by formula (2), the oscillation fre- 
quency FO is dependent on the four parameters, name- 
ly, the resonant frequency Fr, the motional capacitance 
C-,, the shunt capacitance C 0 , and C L . Additionally, as 
shown by formulas (3) to (5), the motional capacitance 
C-,, the shunt capacitance C 0 , and C L each are associ- 
ated with plural parameters. 

[0049] A resonator is used for use in forming a refer- 
ence signal (clock) in a microcomputer; although the 
resonant frequency Fr and the electromechanical cou- 
pling factor k15 are of course important properties in a 
piezoelectric ceramic composition, the oscillation fre- 
quency FO is the most important property of a piezoe- 
lectric ceramic composition when used as a resonator. 
[0050] Additionally, the piezoelectric ceramic compo- 
sition according to the present invention displays satis- 
factory value for AF0 and satisfactory values also for AFr 
and Ak15. More specifically, the piezoelectric ceramic 
composition according to the present invention can 
have a property such that the absolute value of AF0 is 
0.1% or less (-0.1% < AF0 < 0.1%), and simultaneously 
can have properties such that the absolute value of AFr 
is 0.1% or less (-0.1% < AFr < 0.1%) and the absolute 
value of Ak15 is 3.0% or less (-3% < Ak15 < 3%). Ac- 
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cordingly, the piezoelectric ceramic composition ac- 
cording to the present invention is suitably used, in ad- 
dition to being used as a resonator, as the materials for 
the piezoelectric elements for use in filters, actuators, 
ignition elements, ultrasonic motors and the like. Inci- 
dentally, it should be noted that the values of AFr and 
Ak1 5 in the present invention have been obtained on the 
basis of the test of "24-hours after heat test" which is the 
same as the above described test applied to AFO. 

Manufacturing Method> 

[0051] Now, description will be made below on the 
manufacturing method for the piezoelectric ceramic 
composition according to the present invention. The 
manufacturing method for the piezoelectric ceramic 
composition according to the present invention is char- 
acterized in that the method includes a heat treatment 
step for keeping a ceramic composition having been 
subjected to polarization within a temperature range 
lower than Tc (Tc denoting the Curie temperature of the 
ceramic composition) for 1 to 1 00 minutes; however, de- 
scription will be made below from the steps preceding 
to the heat treatment step, by following the sequence of 
the steps of the method. 

(Starting Material Powders and Weighing Out) 

[0052] As the starting materials for the main compo- 
nents, there are used powders of oxides or powders of 
compounds to be converted to oxides when heated. 
More specifically, PbO powder, Ti0 2 powder, Zr0 2 pow- 
der, MnCOg powder, Nb 2 O s powder and the like can be 
used. The starting material powders are weighed out re- 
spectively so that the composition represented by for- 
mula (1) may be actualized. 

[0053] Next, in relation to the total weight of the 
weighed out powders, as additives Mn and/or Cr is add- 
ed in 0.65 wt% or less. As the starting material powders 
for the additives, MnCO a powder, Cr 2 0 3 powder and the 
like can be used. When Si0 2 is to be included, addition- 
ally Si0 2 powder is prepared. It is recommended that 
the mean particle size of each of the starting material 
powders is appropriately selected within the range from 
0.1 to 3.0 urn 

[0054] I ncidental ly, without restrict! ng to the above de- 
scribed starting material powders, a powder of a com- 
posite oxide containing two or more metals maybe used 
as a starting material powder. 

(Calcination) 

[0055] The starting material powders are subj ected 
to wet mixing, and then subjected to a calcination while 
being kept at temperatures falling within the range from 
700 to 950°C for a predetermined period of time. For 
this calcinations, the atmosphere of N 2 or air is recom- 
mended. The maintenance timeperiod of thecalcinati on 



is recommended to be appropriately selected within the 
range from 0.5 to 5.0 hours. After calcination, the cal- 
cined substance is pulverized, for example, to a mean 
particle size of the order of 0.5 to 2.0 pm, preferably of 

5 the order of 0.5 to 1 .0 ujti. 

[0056] Incidentally, although description has been 
made above for the case where the powders of the main 
components and the additives are mixed together, and 
then both of them are calcined, the timing for adding the 

10 starting materials of the additives is not limited to the 
above described timing. Alternatively, for example, first- 
ly the powders of the main components are weighed out, 
mixed, calcined and pulverized; then, to the main com- 
ponent powder thus obtained after calcination and pul- 

15 verization , the starting material powders of the additives 
may be added in predetermined contents to be mixed 
with the main component powder. 



[0057] The pulverized powder is granulated for the 
purpose of smoothly carrying out a subsequent com- 
pacting step. In this case, the pulverized powder is add- 
ed with a small amount of an appropriate binder such 
as polyvinyl alcohol (PVA), and subjected to spraying 
and drying. 

[0058] Then, the thus granulated powder is subjected 
to compacting by pressing under a pressure of 200 to 
300 MPa to obtain a compacted body having a desired 
shape. 

(Sintering) 

[0059] After the binder, added at the time of compact- 
ing, has been removed from the compacted body, the 
compacted body is heated and kept at temperatures 
within the range from 1100 to 1250°C for a predeter- 
mined period of time to obtain a sintered body. In this 
connection, the atmosphere of N 2 or air is recommend- 
ed. The maintenance time period of the heating is rec- 
ommended to be appropriately selected with in the range 
from 0.5 to 4 hours. 

(Polarization) 

[0060] After an electrode forthe polarization has been 
formed on the sintered body, the polarization is carried 
out. The polarization is conducted under the conditions 
such that the polarization temperature falls within the 
range from 50 to 300° C, and an electric field of 1 .0 to 
2.0 Ec (Ec being the coercive electric field) is applied to 
the sintered body for 0.5 to 30 minutes. 
[0061] When the polarization temperature is lower 
than 50°C, the Ec is elevated and accordingly the po- 
larization voltage becomes high , so that the polarization 
is made difficult. On the other hand, when the polariza- 
tion temperature exceeds 300°C, the insulation property 
of the insulating oil is markedly lowered, so that the po- 
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larization is made difficult. Consequently, the polariza- 
tion temperature is made to fall within the range from 50 
to 300°C. The polarization temperature is preferably 60 
to 250°C, and more preferably 80 to 200°C. 
[0062] Additionally, when the applied electric filed is 
lower than 1 .0 Ec, the polarization does not proceed. 
On the other hand, when the applied electricfield is high- 
er than 2.0 Ec, the actual voltage becomes high, so that 
the dielectric breakdown of sintered body tends to be 
occurred and accordingly it becomes difficult to prepare 
a piezoelectric ceramic composition. Accordingly, the 
electricfield to be applied in the polarization is made to 
be 1 .0 to 2.0 Ec. The applied electric field is preferably 
1 .1 to 1 . 8 Ec, and more preferably 1 .2 to 1 .6 Ec. In this 
connection, the relation between the electric field E and 
the electric polarization P in ferroelectrics is shown in 
FIG. 4. As shown in FIG. 4, when the sense of the elec- 
tric field is reversed to apply the reversed electric field, 
the polarization vanishes at the field of -Ec; this electric 
field is the coercive field Ec. 

[0063] When the polarization time is less than 0.5 
minute, the polarization is not progressed to a sufficient 
extent, so that the properties cannot be attained to a 
sufficient extent. On the other hand, when the polariza- 
tion time exceeds 30 minutes, the time required for the 
polarization becomes long, so that the production effi- 
ciency is degraded. Accordingly, the polarization time is 
made to be 0.5 to 30 minutes. The polarization time is 
preferably 0.7 to 20 minutes, and more preferably 0.9 to 
15 minutes. 

[0064] The polarization is conducted in a bath of an 
insulating oil such as a silicon oil heated to the above 
described temperature. Incidentally, the polarization di- 
rection is determined according to the desired vibration- 
al mode. In this connection, when the desired vibrational 
mode is a thickness-shear mode, the polarization direc- 
tion is taken as shown in FIG. 5A; the thickness-shear 
mode is such a vibration as illustrated in FIG. 5B. 

(Heat Treatment) 

[0065] Now, description will be made below on the 
heat treatment step which is a characteristic part of the 
present invention. 

[0066] In the heat treatment step, a ceramic compo- 
sition subjected to polarization is kept within a temper- 
ature range lower than Tc (Tc denoting the Curie tem- 
perature of the ceramic composition) for 1 to 100 min- 
utes. It is preferablethatthe heat treatment is conducted 
after the polarization and before the formation of the vi- 
brating electrodes. No particular constraint is imposed 
on the atmosphere of the heat treatment; the heat treat- 
ment can be conducted in air. 

[0067] The heat treatment temperature is appropri- 
ately set within the range lower than the Curie temper- 
ature Tc. If the heat treatment temperature is equal to 
or higher than the Curie temperature Tc, depolarization 
comes to occur. Accordingly, the heat treatment temper- 



ature is set to be lower than the Curie temperature Tc, 
and preferably to be 0.98 or less times the Curie tem- 
perature Tc. 

[0068] Forthe purpose of sufficiently enjoying the ad- 

5 vantage provided by the present invention such that the 
heat resisting properties are improved by the heat treat- 
ment, the heat treatment temperature is preferably 0.68 
or more times the Curie temperature Tc, more preferably 
0.74 to 0.96 times the Curie temperature Tc, and further 

10 preferably 0.80 to 0.90 times the Curie temperature Tc. 
As described above, the Curie temperatureTc of the pi- 
ezoelectric ceramic composition of the present inven- 
tion is 340°C or higher, and furthermore, 350°C or high- 
er as the case may be. 

15 [0069] Additionally, in the heat treatment of the 
present embodiment, the heat treatment time is set to 
be 1 to 100 minutes. If the heat treatment time is less 
than 1 minute, there cannot be sufficiently enjoyed an 
effect such that the heat resisting properties are im- 

20 proved by the heat treatment of the present invention. 
On the other hand, if the heat treatment time exceeds 
100 minutes, the time needed for the heat treatment 
step is elongated, so that the heat treatment time ex- 
ceeding 100 minutes is not preferable. The heat treat- 

25 ment time is preferably 1 to 40 minutes, and more pref- 
erably 1 to 20 minutes. As will be shown in the examples 
to be described later, when the heat treatment temper- 
ature is somewhat high in such a way that the heat treat- 
ment temperature is 0.74 times or more the Curie tem- 

30 perature Tc and lower than the Curie temperature Tc, 
there can be enjoyed an effect such that the heat resist- 
ing properties are improved by the heat treatment, even 
for a short heat treatment time less than 30 minutes. On 
the other hand, when the heat treatment temperature is 

35 somewhat low in such a way that the heat treatment 
temperature is 0.68 times or more the Curie temperature 
Tc and lower than 0.74 times the Curie temperature Tc, 
it is preferable that the heat treatment time is set to be 
30 minutes or more. 

40 [0070] Additionally, in this heat treatment step, it is 
preferable that the heat treatment temperature and the 
heat treatment time are set in such a way that the prod- 
uct between the heat treatment temperature and the 
heat treatment time is 500 (°C-hour) or less. Incidentally, 

45 the heat treatment can be conducted, for example, by 
use of a reflow furnace. 

[0071] By undergoing the above described steps, 
there can be obtained the piezoelectric ceramic compo- 
sition of the present invention. The piezoelectric ceramic 

so composition of the present invention displays excellent 
properties such that the absolute value of AF0 is 0.1% 
or less, the absolute value of AFr is 0.1% or less, and 
the absolute value of Ak15 is 3.0% or less. 
[0072] By making the composition of the ceramic 

55 composition, the polarization conditions and the heat 
treatment conditions more preferable, the absolute val- 
ue of AF0 can be made to be 0.075% or less, and fur- 
thermore, 0.05% or less as the case may be. Similarly, 
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the absolute value of AFr can be made to be 0.075% or 
less, and furthermore, 0.05% or less as the case may 
be. The absolute value of Ak1 5 can be made to be 2.0% 
or less, and furthermore, 1% or less as the case may be. 
[0073] The piezoelectric ceramic composition (sin- 
tered body) having been subjected to the heat treatment 
is polished to a desired thickness, and thereafter vibrat- 
ing electrodes are formed. Then, by use of a dicing saw 
or the like, the piezoelectric ceramic composition is cut 
into a desired dimension to function as a piezoelectric 
element. 

[0074] The shape of the piezoelectric element can be, 
for example, a rectangular parallelepiped; in this case, 
the dimension of the piezoelectric element can be set to 
be such that the length is 0.3 to 8 mm, the width is 0.3 
to 8 mm, and the thickness is 0.05 to 0.5 mm. When the 
vibrational mode of the piezoelectric element is selected 
to be a thickness-shear mode, a pair of vibrating elec- 
trodes are recommended to be formed, as is shown in 
FIG. 7, respectively on the front andback surfaces of the 
sintered body (a piezoelectric substrate) having thefront 
and back surfaces opposed to each other with a prede- 
termined distance therebetween. 
[0075] The piezoelectric ceramic composition of the 
present invention is suitably used as the materials for 
the piezoelectric elements for use in resonators, filters, 
actuators, ignition elements, ultrasonic motors and the 
like. In particular, the piezoelectric ceramic composition 
of the present invention which has a Curie temperature 
as high as 340°C or above and the absolute value of 
AF0 is 0.1% or less is suitably used as a resonator. 

<Example 1> 

[0076] Piezoelectric ceramic compositions exhibiting 
a thickness-shear mode were prepared under the fol- 
lowing conditions, and the properties of the composi- 
tions thus obtained were evaluated. 
[0077] At the beginning, as the starting materials, 
there were prepared the powders of PbO, TiQ 2 , Zr0 2 , 
MnCO s , Nb 2 O s and Cr 2 0 3 . 

[0078] The starting material powders were weighed 
out in such a way that the formula, Pb 
[(Mn 1/3 Nb2^) 0 10 Ti 0 51 Zr 0 39 ] 0 3 , was to be satisfied af- 
ter sintering, thereafter in relation to the total amount of 
these powders, there was added the Cr 2 Q 3 powder in 
0.5 wt%, and then the thus obtained mixtures of these 
powders were subjected to wet mixing for 10 hours by 
use of a ball mill. The slurrys thus obtained were dried 
to a sufficient level, and were calcined in air at 850°C 
for 2 hours. The calcined substances thus obtained 
were pulverized with a ball mill so as to have a mean 
particle size of 0.6 \xm, and then the pulverized powders 
thus obtained were dried. The dried powders were add- 
ed with PVA (polyvinyl alcohol) as a binder in an appro- 
priate content, and were granulated. The granulated 
powders were compacted under a pressure of 245 MPa 
by use of a uniaxial pressing machine. The compacted 



bodies thus obtained were subjected to the treatment 
for removing the binder, and thereafter kept at 1200°C 
for 2 hours in air to obtain sintered bodies each having 
the dimension of 17.5 mm long x 17.5 mm wide x 1 . 5 
5 mm thick. The Curie temperatures Tc of these sintered 
bodies were 366°C. 

[0079] The both surfaces of each of the sintered bod- 
ies were polished so that the thickness thereof to be 0.5 
mm, and from each of the sintered bodies thus proc- 

io essed, a 15 mm long x 5 mm wide specimen was ob- 
tained by use of a dicing saw. The electrodes for polar- 
ization were formed on the both edge faces (the side 
faces along the lengthwise direction) of each of the 
specimens. Thereafter, the specimens each were sub- 

15 jected to a polarization under the conditions shown in 
FIG. 6; incidentally, the polarization was conducted in a 
silicon oil bath. Here, it should be noted that the polari- 
zation direction was chosen as shown in FIG. 5A. Sub- 
sequently, the electrodes for polarization were removed. 

20 Here, it should also be noted that the size of each of the 
specimens after removing the electrodes was 1 5 mm 
long x 4 mm wide x 0.5 mm thick. 
[0080] Next, the specimen was subjected to the heat 
treatment in air under the conditions described in FIG. 

25 6. Both su rf aces of the heat treated specimens were pol- 
ished so that the thickness of each of the specimens to 
be 0.3 mm, and then, vibrating electrodes 2 were formed 
on both surfaces (both polished surfaces) of each of the 
specimens 1 with the aid of a vacuum evaporation ap- 

30 paratus, as shown in FIG. 7. The vibrating electrodes 2 
each were formed of a 0.01 u.m thick Cr sublayer and a 
2 jim thick Ag layer. Incidentally, FIG. 7 illustrates a sec- 
tional view (a sectional view along the thickness direc- 
tion) of each of the specimens 1 . The overlapping area 

35 of the electrodes 2 for one another was set at 1 .5 mm 
long along the lengthwise direction. 
[0081] Subsequently, from each of the above de- 
scribed specimens 1 , a 4 mm long x 0.7 mm wide x 0.3 
mm thick piezoelectric element was cut out. The oscil- 

40 lation frequency FO, the resonant frequency Fr and the 
electromechanical coupling factor k1 5 of each of the pi- 
ezoelectric elements thus obtained were measured. As 
an oscillation circuit, a Colpitz oscillation circuit was 
used. The oscillation frequencies FO were measured by 

^5 use of a frequency counter (531 81 A manufactured by 
Agilent Technologies Co., Ltd.); the resonant frequen- 
cies were measured by use of an impedance analyzer 
(4294A manufactured by Agilent Technologies Co., 
Ltd.); and the electromechanical coupling factors k15 

so were also measured by use of the impedance analyzer 
(4294A manufactured by Agilent Technologies Co., Ltd.) 
at around 4 MHz. Here, it should be noted that the elec- 
tromechanical coupling factors k15 were obtained on 
the basis of formula (6) shown in FIG. 8. 

55 [0082] Next, in order to evaluate the heat resisting 
properties of each of the piezoelectric elements, each 
of the piezoelectric elements was wrapped with a sheet 
of aluminumfoil, and immersed in asolderbath at265°C 
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for 1 0 seconds, and thereafter the sheet of aluminum 
foil was removed and each of the piezoelectric elements 
was allowed to stand in air at room temperature for 24 
hours. After the above described heat resisting proper- 
ties test, the oscillation frequencies FO, the resonant 
frequencies Fr and the electromechanical coupling fac- 
tors k15 were once again measured, and the AFO, AFr 
and Ak15 values were obtained. The results thus ob- 
tained are shown in FIG. 6. Here, it should be noted that 
also in the following examples, the AFO, AFr and Ak15 
values were obtained on the basis of the same proce- 
dures as described above. 

(Comparative Examples) 

[0083] The elements as the comparative examples 
were prepared under the same conditions as those de- 
scribed above except that no heat treatment was ap- 
plied to the piezoelectric elements. Also for the piezoe- 
lectric elements of the comparative examples, the AFO, 
AFr and Ak15 values were obtained. The obtained re- 
sults are also shown in FIG. 6. 

[0084] As can be seen from FIG. 6, ail the AFO, AFr 
and Ak15 were made smaller in absolute value by the 
heat treatment of the present invention. Consequently, 
it has been found that the heat treatment of the present 
invention is effective for the purpose of improving the 
heat resisting properties of piezoelectric ceramic com- 
positions. 

[0085] Additionally, from FIG. 6, it can be confirmed 
that the AFO value is made smaller with the increase of 
the heat treatment temperature. It has also been found 
that the control of the heat treatment conditions makes 
it possible to simultaneously actualize the properties 
such that -0.1% < AFO < 0. 1%, -0.1% < AFr< 0.1% and 
-3%^Ak15^3%. 

< Example 2> 

[0086] Piezoelectric elements were prepared under 
the same conditions as those in the above described 
Example 1 , except that the heat treatment time was al- 
tered to be 20 minutes, and the heat resisting properties 
test was carried out on the same conditions as those in 
Example 1 . The variations of the properties observed in 
the heat resisting properties test are shown in FIG. 9. 
[0087] As shown in FIG. 9 , it has been possible to con- 
firm that the AFO, AFr and Ak1 5 values are made smaller 
in absolute value even forthe case where the heat treat- 
ment time is made to be 20 minutes. 

<Example 3> 

[0088] Piezoelectric elements were prepared under 
the same conditions as those in Example 1 except that 
the polarization was carried out in a silicon oil bath at 
150°C by applying an electric field of 3.3 kV/mm (1 .5 
Ec) for 15 minutes, and the heat treatment conditions 



were set as shown in FIG. 10; and the AFO, AFr and 
Ak15 values were obtained under the same conditions 
as those in Example 1 . The obtained results are shown 
in FIG. 1 0. The AFO, AFr and Ak1 5 values of the samples 
5 Nos, 6, 7 and 8 prepared in Example 1 and the samples 
Nos. 1 , 9 and 20 prepared in Example 2 are also shown 
in FIG. 10. 

[0089] As can be seen from FIG. 10, the higher heat 
treatment temperature is more favorable forthe purpose 

10 of making the AFO, AFr and Ak1 5 values smaller in ab- 
solute value. More specifically, in the cases where the 
heat treatment temperature fell within the range from 
275 to 350°C, the results such that -0.1 % < AFO < 0.1 % 
were able to be obtained, even when the heat treatment 

15 time was as small as less than 30 minutes. Additionally, 
in the cases where the heat treatment temperature is as 
somewhat as low as 250°C, the results such that -0.1 % 

< AFO < 0.1% were able to be obtained by making the 
heat treatment time to be 30 minutes or more. 

20 

< Example 4> 

[0090] As a starting material, Si0 2 powder was addi- 
tionally prepared. The starting material powders were 

25 weighed out in such a way that the formula, Pb 
[(Mn 1/3 Nb 2 ^)o.io" n o.5i Zr o.3aI 0 3» was to be satisfied after 
sintering; thereafter, in relation to the total amount of 
these powders, there were added Si0 2 in 0.02 wt% and 
MnCQ 3 in 0 to 0.7 wt%. By use of the starting material 

30 powdermixture thus obtained, piezoelectric elements 
were prepared on the basis of the same procedures as 
those in Example 1 ; however, the polarization was con- 
ducted in a silicon oil bath at 150°C by applying an elec- 
tric field of 4.2 kV/mm (1 .5 Ec) for 1 minute, and the heat 

35 treatment conditions shown in FIG. 11 were adopted. 
The Curie temperatures of the obtained piezoelectric el- 
ements were 358°C. Thereafter, the AFO, AFr and Ak15 
values were obtained under the same conditions as 
those in Example 1 . The obtained results are shown in 

40 FIG. 11. 

[0091] As shown in FIG. 11, the AFO values of the 
samples (the samples Nos. 43 to 48) not subjected to 
the heat treatment are largely different from those of the 
samples (the samples Nos. 49 to 54) subjected to the 
45 heat treatment; additionally, it has been found that the 
AFO values are varied by the content of MnC0 3 added 
as an additive. 

[0092] It has also been able to be confirmed that the 
samples Nos. 50 to 53 which have the chemical com- 

50 positions recommended by the present invention and 
have been subjected to a specific heat treatment display 
an excellent property such that -0.075% < AFO <0.1%, 
andfurthermore, -0.05% <AF0< 0.05% as the case may 
be. In this connection, it attracts attention that the sam- 

55 pie No, 50 which was added with M nC0 3 as an additive 
in 0.05 wt% displays a particularly excellent properly 
such that the AFO value was -0.01%. 
[0093] Additionally, on the basis of the samples Nos. 
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50 to 53 according to the present invention, the AFr val- 
ue can be made to fall within the range of -0.075% < AFr 

< 0.075%, and furthermore, -0.06%<AFr<0.06% as the 
case may be; in addition, it has also been able to be 
confirmed that the Ak1 5 value can be made to fall within 
the range of -1.5% < Ak15 < 1.5%, and furthermore, 
-1 .0% < Ak15 < 1 .0% as the case may be. 

<Example 5> 

[0094] The starting material powders were weighed 
out in such a way that the formula, Pb 
[(Mn 1/3 Nb2^) 0 10 Ti 0 51 Zr 039 ]O 3l was to be satisfied after 
sintering; thereafter, in relation to the total amount of 
these powders, there were added Si0 2 in 0.02 wt% and 
Cr 2 O a in 0 to 0.7 wt%. By use of the starting material 
powder mixture thus obtained, piezoelectric elements 
were prepared on the basis of the same procedures as 
those in Example 1 ; however, the polarization was con- 
ducted in a silicon oil bath at 1 50°C by applying an elec- 
tric field of 1 .5 Ec for 1 minute, and the heat treatment 
conditions shown in FIG. 12 were adopted. The Curie 
temperatures of the obtained piezoelectric elements 
were 357°C. 

[0095] Thereafter, the AF0, AFr and Ak1 5 values were 
obtained under the same conditions as those in Exam- 
ple 1. The obtained results are shown in FIG. 12. The 
values of the electric filed applied in the polarization are 
also shown in FIG. 12. The values of the electric fields 
actually applied to the piezoelectric elements are differ- 
ent from each other, but the electric fields actually ap- 
plied in the polarization are all given by 1 .5 Ec. 
[0096] As shown in FIG. 12, the samples Nos. 55 to 
61 not subjected to the heat treatment were not able to 
lead to an effect such that the inclusion of Cr improved 
the AF0 values. However, among the samples Nos. 62 
to 68 subjected to the heat treatment, the samples Nos. 
63 to 67 respectively including predetermined contents 
of Cr are smaller in the absolute value of AF0 than the 
sample No. 62 not including Cr; more specifically, the 
samples Nos. 63 to 67 added with Cr 2 0 3 as an additive 
respectively in the contents of 0.05 to 0.50 wt% display 
an excellent property such that -0.05% < AF0 <0.05% . 
Consequently, it has been able to be confirmed that Cr 
is an element effective in improving the AF0 value when 
the heat treatment is applied. However, when the con- 
tent of added Cr 2 0 3 was 0.70 wt% (the sample No. 68), 
the AF0 value came to be -0.11 %; thus, it was confirmed 
that for the purpose of making the absolute value of AF0 
equal to or less than 0.1 %, it is effective to set the con- 
tent of Crto be 0.65 wt% or less in terms of Cr 2 0 3 . 
[0097] Additionally, according to the samples (the 
samples Nos. 63 to 67) for which the contents of Cr 2 Q 3 
are 0.05 to 0.50 wt% and the heat treatment of the 
present invention was applied, it was confirmed that the 
Ak15 value can be made to fall within the range of -1% 

< Ak1 5 < 1 %, and furthermore, -0.8% < Ak1 5 < 0.8% as 
the case may be. 



< Example 6> 

[0098] Piezoelectric elements were prepared under 
the same conditions as those for the samples Nos. 49 

5 to 54 except that the main component contents and the 
subsidiary component contents were set as shown in 
FIG. 13; theAFO, AFrand Ak1 5 values of the piezoelec- 
tric elements thus prepared were obtained under the 
same conditions as those in Example 1 . The obtained 

10 results are shown FIG. 13. 

[0099] As can be seen from FIG. 13, even when the 
compositions were varied, the application of the heat 
treatment recommended by the present invention was 
able to make AF0 and AFr be 0.1% or less in absolute 

is value and Ak1 5 be 2.0% or less in absolute value. 
[0100] In the above described examples, there have 
been illustrated the cases where are obtained the pie- 
zoelectric ceramic compositions each having the thick- 
ness-shear mode as the vibrational mode; however, by 

20 setting the polarization direction and the like to be a pre- 
determined direction and the like, it is of course possible 
to obtain a piezoelectric ceramic compositions having a 
thickness-extentional mode and an overtone mode. 

25 

Claims 

1 „ A man ufacturing method for a piezoelectric ceramic 
composition comprising steps of: 

30 

polarizing a ceramic composition comprising a 
perovskite compound containing Pb, Zr, Ti and 
Mn as main components; and 
heat-treating said polarized ceramic composi- 
35 tion within a temperature range lower than Tc 

(Tc denoting the Curie temperature of said ce- 
ramic composition) for 1 to 1 00 minutes. 

2. A manufacturing method for a piezoelectric ceramic 
40 composition comprising steps of: 

polarizing a ceramic composition comprising a 
perovskite compound containing Pb, Zr, Ti, Mn 
and Nb as main components; and 
45 heat-treating said polarized ceramic composi- 

tion within a temperature range equal to or high- 
er than 0.68 Tc and lower than Tc (Tc denoting 
the Curie temperature of said ceramic compo- 
sition) for 1 to 100 minutes. 

so 

3. The manufacturing method for a piezoelectric ce- 
ramic composition according to claim 1 or 2, where- 
in: 

55 in said heat treatment step, the heat treatment 

is carried out within a temperature range equal 
to or higher than 0.74 Tc and lower than Tc. 
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4. The manufacturing method for a piezoelectric ce- 
ramic composition according to claim 1 or 2, where- 
in: 

the Curie temperature Tc of said ceramic com- 
position is 340°C or higher. 

5. The manufacturing method for a piezoelectric ce- 
ramic composition according to claim 1 or2, where- 
in: 

in said polarizing step, an electric field of 1 .0 to 
2.0 Ec (Ec denoting a coercive electric field) is 
applied to said ceramic composition within a 
temperature range from 50 to 300°C for 0.5 to 
30 minutes. 

6. The manufacturing method for a piezoelectric ce- 
ramic composition according to claim 2 wherein: 

said ceramic composition comprises said main 
components represented by a formula, PbJ 
(Mn 1/3 Nb 2 ^) x Ti y Zr z ]0 3 , in which a, x, y and z 
fall within the ranges of 0.95 <, a < 1 .02, 0.02 < 
x < 0.15, 0.48 < y < 0.62, and 0.30 < z < 0.50, 
respectively; and 

said ceramic composition comprises as an ad- 
ditive Mn in 0. 65 wt% or less (not inclusive of 
0) in terms of MnC0 3 and/or Cr in 0. 65 wt% or 
less (not inclusive of 0) in terms of Cr 2 0 3 . 

7. The manufacturing method for a piezoelectric ce- 
ramic composition according to claim 6, wherein: 

said ceramic composition comprises as an ad- 
ditive AI in 5.0 wt% or less (not inclusive of 0) 
in terms of Al 2 0 3 and/or Sc in 5.0 wt% or less 
(not inclusive of 0) in terms of ScgO^ 

8. The manufacturing method for a piezoelectric ce- 
ramic composition according to claim 1 or 2, where- 
in: 

in said heat treatment step, the product be- 
tween the heat treatment temperature and the 
heat treatment time is 500 (°C-hour) or less. 



AF0 (here, AFO is the rate of change in oscilla- 
tion frequency F0 caused by external thermal 
shock) of said piezoelectric ceramic composi- 
tion is 0.10% or less in absolute value. 

5 

11. The piezoelectric ceramic composition accordingto 
claim 10, wherein: 

said piezoelectric ceramic composition further 
10 comprises Mn and/or Nb as said main compo- 

nents. 

12. A piezoelectric ceramic composition comprising a 
perovskite compound containing Pb, Zr, Ti, Mn and 

is Nb as main components, wherein: 

said perovskite compound is represented by a 
formula, Pb a [(Mn 1 ^Nb 2/3 ) x Ti y Zr z ]0 3 , in which 
a, x, y and z fall within the ranges of 0.95 < a < 
20 1 .02, 0.02 < x < 0.1 5, 0.48 < y < 0.62, and 0.30 

< z < 0.50, respectively; and 
AFO (here, AFO is the rate of change in oscilla- 
tion frequency F0 caused by external thermal 
shock) of said piezoelectric ceramic composi- 
25 tion is 0.10% or less in absolute value. 

1 3. The piezoelectric ceramic composition according to 
claim 12, wherein: 

30 said piezoelectric ceramic composition com- 

prises Mn as an additive in 0.65 wt% or less 
(not inclusive of 0) in terms of MnCO s and/or 
Cr in 0.65 wt% or less (not inclusive of 0) in 
terms of Cr 2 Q 3 . 

35 

1 4. The piezoelectric ceramic composition according to 
claim 12 or 13, wherein: 

said piezoelectric ceramic composition com- 
40 prises as an additive Al in 5.0 wt% or less (not 

inclusive of 0) in terms of Al 2 0 3 and/or Sc in 5.0 
wt% or less (not inclusive of 0) in terms of 

SCjAj. 

45 1 5. The piezoelectric ceramic composition according to 
claim 11 or 12, wherein: 



25 



30 



35 



9. The manufacturing method for a piezoelectric ce- 
ramic composition accordingto claim 1 or 2, where- 
in: 

the vibrational mode of said piezoelectric ce- 
ramic composition is a thickness-shear mode. 

10. A piezoelectric ceramic composition comprising a 
perovskite compound containing Pb, Zr, and Ti as 
main components, wherein: 



the Curie temperature Tc of said piezoelectric 
ceramic composition is 340°C or higher. 

16. A piezoelectric element comprising a piezoelectric 
substrate having a front surface and a back surface 
opposed to each other with a predetermined dis- 
tance therebetween and a pair of electrodes ar- 
ranged, respectively, on said front surface and said 
back surface of said piezoelectric substrate, where- 
in: 



50 



55 



11 
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said piezoelectric substrate is constituted with 
a sintered body comprising a perovskite com- 
pound containing Pb, Zr, Ti, Mn and Nb as main 
components, in which the sintered body is rep- 
resented by a formula, Pb a [(Mn 1/3 Nb2^) x Ti- 5 
yZr z ]0 3 , in which a, x, y and z fall within the 
ranges of 0.95 < a £ 1 .02, 0.02 < x < 0. 1 5, 0.48 
< y < 0.62, and 0.30 < z < 0.50, respectively; 
and the sintered body comprises as an additive 
Mn in 0.65 wt% or less (not inclusive of 0) in 10 
terms of MnC0 3 . 

17. The piezoelectric element according to claim 16, 
wherein: 

15 

the piezoelectric element is constituted with a 
sintered body comprising as an additive Mn in 
0.50 wt% or less (not inclusive of 0) in terms of 
MnC0 3 . 

20 

18. The piezoelectric element according to claim 16, 
wherein: 

the vibrational mode of said piezoelectric ele- 
ment is a thickness-shear mode. 25 

19. The piezoelectric element according to claim 16, 
wherein: 

the AF0 (here, AF0 is the rate of change in os- 30 
dilation frequency FO caused by external ther- 
mal shock) of said piezoelectric element is 
0.1 0% or less in absolute value. 

20. The piezoelectric element according to claim 16, 35 
wherein: 

the AFr (here, AFr is the rate of change in res- 
onant frequency Fr caused by external thermal 
shock) of said piezoelectric element is 0.10% 40 
or less in absolute value. 
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FIG. 1 



Pba[(Mn 1 / 3 Nb 2 / 3 ) x Ti y ZrJ03 ••• formula (l) 

In formula (l), 

0.95 < a < 1.02, 

0.02 < x < 0.15, 

0.48 < y < 0.62, 

0.30 < z < 0.50; and 
a, x, y and z are respectively given in molar ratio. 
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FIG. 2 



F0 ~ W 1+ ci?cr • • • fom,uia ( 2 ) 

In formula (2), FO represents an oscillation frequency, 
Fr represents a resonant frequency, Cj represents a 
motional capacitance and C 0 represents a shunt capacitance; 
and C L is defined by formula (5). 

c _ Fa 2 -Fr 2 CJ 
1 Fa 2 ' ' ' formula (3) 

In formula (3), Cj represents a motional capacitance, 
Fa represents an anti-resonant frequency, Fr represents 
a resonant frequency, and Cd represents a free capacitance. 



C 0 = Cd — Cj 



formula (4) 



In formula (4), G 0 represents a shunt capacitance, Cd represents 
a free capacitance, and C t represents a motional capacitance. 



C Ll +C L2 ... f ormma (5) 



=> (C Ll =C L2 ) 



In formula (5), C hl represents a load capacitance and 
Cl 2 represents another load capacitance. 
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FIG. 3 



o 



Ro Lt 



Co 



EP 1 519 427 A2 



FIG. 4 

Hysteresis loop for polarization P and electric field E 
Polarization P 




Electric field E 



Pr: Remanent polarization 
Ps- Saturation polarization 
Ec: Coercive electric field 
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FIG. 5A 



Polarization, 
direction 



FIG. 5B 
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FIG. 7 
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FIG. 8 



'15 





Fr 


(n 


Fr\ 




cot 






\2 


Fa 


,2 


Fa) 



• ■ ■ formula (6) 



In formula (6), Fr represents a resonant frequency and 
Fa represents an anti-resonant frequency. 
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FIG. 10 
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Polarization conditions^ 

An electric field of 3.3 kV/mm (1.5 Ec) was applied for 15 minutes in a 
silicon oil bath at a temperature of 150°C 
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FIG. 1 1 
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Polarization conditions- 

An electric field of 4.2 kV/mm (1.5 Ec) was applied for 1 minute in a silicon oil 
bath at a temperature of 150°C 
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FIG. 12 
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Polarization conditions^ 

An electric field of 1.5 Ec was applied for 1 minute in a silicon oil bath at a 
temperature of 150°C 
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